Firmware applications such as security codes, magnetic keys, and similar products can be stored in magnetic bar codes similar to optical bar codes. This can be achieved on the triangular lattice present in porous alumina, whose pori can be filled by magnetic material, over which magnetic bar codes can be inscribed. We study the conditions to improve the durability of the stored information by minimizing the repulsive energy among wires with parallel magnetization within the same bar but interacting with attractive energy with wires in the neighboring bar. The following parameters are varied to minimize the energy of the system: relative amount of magnetization orientation within the bar code area in any orientation, width of the bars, and distribution of wider bars to the outside or to the inside of the code. It is found that durability of the code is favored for equal amount of magnetization in each direction, abundance of narrow bars trying to locate a few wider ones towards the center. Three real commercial optical bar codes taken at random were mapped into magnetic bar codes; it is found that the corresponding magnetic energies are similar to those analyzed here which provides a realistic test for this approach.
Introduction
Optical bar codes are frequently used to store coded information for multiple purposes. However, this technology has at least two disadvantages for some specific uses: they are visible to anybody so they could be replicated (a single photocopy is enough) and they can get easily damaged by peeling or scratching. We propose here to store the same information in the form of magnetic bar codes stored by arrays of magnetic nanowires trapped in the porous membrane used to produce them [1] [2] [3] [4] [5] [6] . Such information is now hidden (not easily replicated) and friction on them would not hamper the information.
The idea is the same as the one proposed to store symbols (letters for example) [7, 8] in these systems. There is one hazard present: magnetization reversal [3, [9] [10] [11] can affect the stored information. To improve the duration of the stored information two mechanisms have been recently proposed: the inscription of an opposite ferromagnetic band (OFB) and the storage of the symbol in a set of bisegmented magnetic nanowires [12, 13] . Although the second technique yields the best results in terms of canceling completely repulsive energies coming from magnetic segments interactions it is probably expensive at the moment of fabrication. On the other hand, the first technique is easier to implement on any array of magnetic nanowires by means of a powerful magnetic tip orienting the magnetization of the selected wires in the desired direction [7] . The same procedure can be used to inscribe magnetic bars.
For the present proposal OFB is not necessary since the ferromagnetic sectors alternate with opposite orientations within the code thus providing a built-in stabilization mechanism similar to the OFB for the case of symbols. In Figure 1 we provide a scheme which serves to define the system, its main parameters, and the way a magnetic bar code can be realized. We are not aware of any experiment resembling code bars like those presented in Figure 1 and the others to follow below. However, it does not seem to be a problem to produce such orientations after the work by Jaafar et al. [7] where they present a figure spelling CSIC (Consejo Superior de Investigaciones Cientificas). In our proposal orienting rectangular sectors (like the bar codes proposed here) should be simpler than inscribing curved symbols. Other properties of the system under study will be fully described in next section where the system and the methodology will be explained. Then in Section 3 we present the main results and in Section 4 we present the main conclusions. Figure 1 illustrates in a general way the main characteristics of the systems studied here. The starting point is a circular alumina membrane whose pori are filled in with magnetic material (i.e., cobalt) in order to produce wires or rods. We assume here ideal conditions. All wires are alike and perfectly cylindrical; they have the same length 2 (perpendicular to the illustration in Figure 1 ) equivalent to the height of the membrane, whose radius is . The radius of each cylinder is . The axes of any pair of interacting cylinders are separated by a distance ≤ ≤ 2 distributed over a triangular lattice of lattice constant . In real wires these conditions could not be entirely satisfied (i.e., cross section is not always circular and radius is not completely constant along the tube). However, these are minor modifications to the geometry which still can be described in the ideal terms just given. Thus, results can be affected by some noise but still following the trends discussed below. In practical terms we consider here the following dimensions for the wires: 2 = 12000 nm, = 700 nm, and = 260 nm which are realistic geometrical characteristics taken from the literature [1, 2, 5, 14] . In addition we assume a dominant shape anisotropy so the magnetization is along the cylindrical axis in any of the two directions.
System and Methodology

System.
Within this bundle of magnetic nanowires we define a rectangular area of = 70000 nm (100 wires) along the longer ("horizontal") dimension and = 27886 nm (46 wires) along the shorter ("vertical") dimension as depicted in Figure 1. The number of wires within the rectangular area is = 4600. The radius of the membrane is = 45500 nm. Outside the rectangle the orientation of the individual magnetization of each wire is at random producing a nil result for the total magnetization [7, 15] . Inside the rectangle different codes will be inscribed by means of bars of height and width alternating the orientation of the individual magnetization and regulating the widths to produce a desired code. The general geometrical characteristics of this system are kept fixed in all calculations below. We will vary the net magnetization of the code, the number of bars , the width of the bars ( = / for bars of equal width), and the distributions of wide and narrow bands along the horizontal direction.
Calculations below can be done for any kind of magnetic material and this will be reflected in the saturation magnetization which will be formally introduced below; other properties follow from the geometrical setup. In the present calculation we use data for Co due to the high coercivity reached by this material which reaches coercivity values of 1000 to 1500 Oe and saturation magnetization of about 1.26 × 10 6 A/m [16] . Co can grow in two different forms and we assume here that most of the wires grow in such a way that the shape anisotropy (magnetization along the axis) will prevail. However, in real systems some portions of the rod could be in fact multidomains with different magnetization orientations. In such cases, the wire will contribute with less repulsive energy than the one calculated below. Nevertheless, this would be a less critical condition for reversal which is what we are trying to avoid. In other words, our calculations below are valid under the less favorable conditions, which is the case of full monodomains within each wire forming the bar.
Methodology.
The magnetostatic interaction between two parallel cylinders has been expressed in an integral form involving Bessel functions [17] in an approach that follows a more general study on the interaction between two magnetic objects [18] . Under the condition ≪ 2 , the magnetostatic energy between any two parallel wires separated by a distance having uniform axial magnetization can put in terms of a general algebraic expression beyond the dipole approximation [12, 19] . For the case under study such expression reduces tõ
where takes the value ±1 to reflect the magnetization polarization with respect to the axis of the cylinder, while the functions are given by simple algebraic expressions in terms of and :
Expression ( Thus, to obtain the total energy of a magnetization configuration we must add all the ( − 1)/2 contributions for a membrane containing wires:
The average interaction energy per wire is simply given by
where is the total number of wires within the rectangular zone.
On the other hand we can calculate the energy contribution of any wire (the th wire for instance) by adding the interactions with all the other wires in the membrane
In particular this calculation allows us to single out the wire which is mostly repelled by the set of all the others which makes it a candidate to trigger the magnetization reversal we would like to avoid. This particular energy will be called max from now on. We will add all interactions within the bar code in different configurations looking for the most stable conditions (lower repulsive energy) to store the bar code information.
Results and Discussions
We will first investigate the variations of repulsive energy in the system as we change the area of one relative orientation of the magnetization with respect to the other. So we prepare the rectangle with all wires magnetized in one direction (down say) as shown by the white rectangle of the upper part of Figure 2 . Then, we introduce bars with magnetization pointing in the opposite direction shown in black, thus varying the relative area of up magnetization with respect to the total area of the rectangle previously defined in Figure 1 . Let us call the fraction of the area with up magnetization contained in the black bars depicted in Figure 2 . Then, we increase in the progression 0.0, 1/5, 1/3, 2/5, 1/2, 3/5, 4/5, and 1.0. The left-hand side of Figure 2 shows the relative magnetization orientation while the right-hand side gives the repulsive energy in color code: reddish means areas of higher magnetostatic repulsive energy (a palette is also given to the right of this figure) ; white stars indicate the points of maximum repulsive energy max .
The corresponding values for previous maximum energies are given in the top part of Figure 3 by means of stars. The lower part of this same figure uses bullets to report the average energy for the corresponding bar code. As it can be noticed these results are nonsymmetric with respect to = 0.5 since the original bar distribution is not. This can be realized upon comparing the bar distributions for cases of coverage = 1/5 and = 4/5 leading to different positions for the points of highest repulsive energy (white stars) in Figure 2 ; a similar analysis can be done upon comparing concentrations = 2/5 and = 3/5.
It follows from previous figure that the repulsion is minimized for equal areas magnetically oriented in opposite senses ( ≈ 0.5). We fix at 0.5 and investigate the influence of the width of the bars. The scheme is shown in Figure 4 where the left-hand side shows the magnetic configuration of the bars within the rectangle for bars of equal widths = / , where (the total number of bars) takes the values 2, 4, 6, 8, 10, 12, and 16. The right-hand side of this figure gives the repulsive energy map: reddish means higher magnetic repulsion (a palette is also given to the right of this figure) . Stars indicate the points of maximum repulsive energy whose values are reported in the upper part of Figure 5 as a function of . The lower part of this figure gives the average repulsive energy as a function of . The latter tends to decrease with the narrowing of the bars, but this tendency is nonmonotonic. This is a mere manifestation of the small size of our system: we need to divide the 100 wires into two sections of 50 and then into 4 sections of 4, so far so good. However, commensuration effects arise when trying to divide the 100 wires into 6 or 8 sectors. Then some additional repulsive energy is injected due to the lack of compensation of magnetization for consecutive sectors. Since this is not along the line of the main results sought for here we just mention this curiosity and continue to the general discussion. Previous result indicates that narrow bars should be preferred, but there is a tendency to saturate. So actually it is more accurate to say that wide bars should be avoided. Nevertheless different widths are necessary in any bar code. Where should wide bars go in order to better stabilize the stored information? This issue is addressed in Figure 6 where two wide bars alternate positions with 4 narrower bars. The corresponding maximum energy for each configuration is given on top of each one. Wider bars minimize energy in the central positions. It follows that when defining the width of the codes narrower bars should be placed towards the outside positions leaving the wider bars towards the center of the code.
Finally we considered codes taken from real optical bar codes found in three commercial products picked at random.
Part of each code is mapped into the rectangular area × as shown in Figure 7 . The corresponding maximum energy is given to the right of the corresponding magnetic bar code. The top one, with unbalanced magnetization favoring white areas and with wide bars all over the code, presents the higher maximum magnetostatic energy. The other two codes with similar white and black areas and with narrower bands present lower energies as expected. The three energies are in the ranges covered by Figures 3 and 5 and the two distributions given in Figure 6 . Previous minimization energy features are independent so they can be properly combined to actually minimize the repulsion probabilities. Since the low average energy is obtained for similar conditions that minimize the maximum repulsion energy we can say that by satisfying conditions that minimize the triggering of the reversal mechanism in the bar code we also minimize the propagation probability of any initiated reversal. This makes the information stored in these bar codes very reliable.
Our results are valid for long rods. As the length 2 of the wires increases we can observe from (1) through (2) that the most important effect of this variation is a decrease of all energies by a similar factor, which does not alter the relative energies leading to stabilization mechanisms. On the other hand, as the lattice constant decreases the interaction energy between nearby wires ( ≈ ) is greatly enlarged; this is even more so for wide wires ( → /2). These cases may lead to nonobvious changes for the results near the limits of the alternating bars. From the point of view of predictability it would be better to stay off dense lattices with fat wires.
Previous calculations ignore temperature since any possible applications of these systems would be intended to work at room temperature which means an excitation energy of approximately 0.025 eV. This is too small compared to the energy necessary for a magnetization reversal in these nanotubes, which is controlled by the material and geometry through the coercivity. For all practical cases reversal energies are of the order of a few hundred eV or higher, which makes the temperature effect negligible.
Conclusions
It is possible to minimize the magnetostatic repulsive energy among the nanowires defining magnetic bar codes storing coded information. Several features are at disposal in order to achieve this goal intended to prolong the useful life of the stored information. Magnetostatic repulsive energy is minimized for sectors of similar total content pointing in each direction, namely, half of the magnetic nanowires with up magnetization and the other half with down magnetization, where up and down magnetization are perpendicular to the cross section defining the bar code itself (see Figure 1) .
Previous result can be optimized by narrowing the widths of the bars or what is equivalent upon dividing the rectangular sector defining the code in a large number of bars. This effect is notorious for the first few divisions of the rectangular sector into bars; however, it soon tends to saturate so it is not necessary to use more bars than those strictly needed.
Since wide bars are necessary to produce a variety of information stored wider bars should be preferred towards the center of the coded area. By the same token, wide bars should be avoided at the ends of the code.
It is remarkable that previously desired characteristics of these magnetic code bars, namely, half of the magnetic moments in each direction, many narrow bars, and slightly wider bars located towards the center, make these codes not only more stable from the point of view of the magnetostatic energy but also more difficult to be found, read, and interpreted when "printed" on a document or package. Actually the external signal of the whole set is quite small and difficult to read except for a magnetic tip position at the precise point and running in the right direction.
